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responsibility ofAbstract This work aims at investigating the strain effect, created by varying pH solution and
continuous heating cycle, on the cation exchange process in the case of Na-rich montmorillonite
sample in contact with bi-ionic solution with variable concentration, saturated respectively by Co2þ
and Cu2þ cations. The ionic exchange process is characterized using XRD analysis obtained
through the comparison of experimental XRD patterns with calculated ones, which allowed us to
determine several structural parameters related to the nature, abundance, size, position and
organization of exchangeable cation and water molecule in the interlamellar space along the cn axis.
Indeed, the proposed theoretical models, for the stressed samples, show that the structure presents
an interstratiﬁed hydration character and proves the coexistence of more than two ‘‘crystallite’’
specie in the structure. The perturbation types have an obvious effect on the selective exchange
process for all stressed samples, where the interlayer space is characterized by the coexistence of
more one exchangeable cation.
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Chinese Materials Research1. Introduction
The management of industrial waste becomes an urgent
priority to minimize the contamination of the groundwater
and the environment. One of the proposed solutions in this
regards is the industrial waste repositories which are based on
the ‘‘deep geological disposal’’ strategy. Smectite, the most
active clay mineral soil fraction, are extensively used as asting by Elsevier B.V. All rights reserved.
R. Chalghaf et al.24natural geological membrane due to theirs suitable properties.
At long timescales, the clays behavior is markedly inﬂuenced
by the natural media and environmental factor enclosing all
physical, chemical, biological, climatic, geographical and
geochemical condition, which causing a stress–strain and
may reduce their desirable properties, therefore inducing an
important effect on the design and the performance of
repositories. Indeed, the study of the material alteration has
given more consideration in order to understand the effects
and the damages caused by some environmental conditions,
such as, the temperature variation and the alkaline solution
perturbation, in order to assess the barrier performance at
long term. Numerous investigations have been carried out to
examine the exchange performance under variable environ-
mental constraint in order to follow their inﬂuence on the
hydraulic and mechanical responses of the membrane. Deneele
et al. [1] make the link among the mineralogical transforma-
tions, the textural and mechanical changes produced in the
compacted clayey soil as a consequence of the alkaline
solution circulation. The results show that the lime-treated
argillite is very sensitive to the alkaline perturbation that the
leaching continually provokes the dissolution of the argillite
and a modiﬁcation of the pore network. Golubev et al. [2]
studied the effect of pH varying from 1 to 12 and organic
ligands on the kinetics of Na–Montmorillonite (Wyoming)
SWy-2 smectite dissolution at 25 1C. Analysis of reacting solid
products using XRD, FT-IR, and XPS revealed no major
change in structure, surface chemical composition or speciﬁc
surface area as a function of pH, ligand concentration, and
duration of the experiments. The obtained results demonstrate
that the effect of natural organics on the weathering rate of
smectite is expected to be weak. The combined effect of pH
and temperature on the smectite dissolution rate obtained
based on the release of silicon and aluminum at steady state,
under acidic conditions, studied by Amram and Ganor [3],
show good agreement between these two estimates of the
smectite dissolution rate which increases with temperature and
decreases with increasing pH. The modeling of experimental
data using a rate law describing the combined effect of pH and
temperature, show the dependence of dissolution rate on
temperature is affected by the activation energy and the
adsorption enthalpy. The inﬂuence of pH on the interlayer
cationic composition and hydration state of Ca-
montmorillonite studied based on analytical chemistry, che-
mical modeling and XRD proﬁle modeling by Ferrage et al. [4]
show that at low pH, the montmorillonite sample is mostly bi-
hydrated in basic and near-neutral conditions whereas it is
mostly mono-hydrated and demonstrate that under alkaline
conditions, the apparent increase in Ca sorption abundance in
smectite interlayers space with increasing pH is probably
related to the precipitation of Calcium–Silicate–Hydrate
(CSH) phases, which also accounts for the decrease in Si
concentration under high-pH conditions. On the other hand
[5], studied the inﬂuence of temperature on the hydro-
mechanical behavior of a compacted bentonites and showed
that the swelling capacity of clay decreases at high tempera-
tures, although the inﬂuence of temperature is less evident
when the applied stress is high. Furthermore, a decrease in
swelling pressure as a function of temperature was observed.
Within this concept, we tempt in this present work to
determine the strain effect and the structural change caused
by applying thermal stress and an alkaline perturbationobtained by varying pH solution value, on the cationic
exchange process in the case of dioctahedral smectite (Na-rich
montmorillonite SWy-2) in contact with solution saturated
respectively by Co2þ and Cu2þ cations, at variable concentra-
tion. These aims are accomplished using the quantitative XRD
analysis achieved using an indirect method consisting on the
comparison of experimental XRD patterns with calculated
ones, this useful method allows describing all structural
changes along the cn axis induced by the environmental
evolution of the temperature and pH and rate and the
investigation of the Ionic exchange process.2. Materials and methods
2.1. Starting samples and pretreatment
The dioctahedral smectite sample used in this study is the
Montmorillonite SWy-2, supplied by the Source Clay Miner-
als Repository Collection. The o2 mm fraction of materials is
originated from bentonites of Wyoming (Wyoming, USA).
This smectite exhibits a low octahedral charge and extremely
limited tetrahedral substitutions and characterized by a cation
exchange capacity (CEC) in the order of 101 meq/100 g [6].
According to the Tessier protocol, a previous treatment of the
starting sample is performed which consist of preparing a Na-
rich montmorillonite suspension, assured by dispersing 10 g
of solid fraction in 100 mL of 1 M NaCl solution. During
24 h, the clay suspensions in this saline solution were shaken
mechanically then the solid fraction was separated by centri-
fugation at 3000 rpm speed and the addition of the fresh saline
solution. These steps were repeated ﬁve times in order to
ensure a complete cation exchange. The excess of salt is
removed by washing ﬁve times through immersion for 24 h
in distilled water. At 8000 rpm speed, the solid–liquid separa-
tion was achieved by centrifugation. The resulting samples are
henceforward referred to SWy-2-Na.2.2. Experimental settings
The experiments were performed in two steps proceeding as
follows: In primary part, the host materials (Na-rich mon-
tmorillonite SWy-2-Na) was put, in ﬁrst time, in contact with
NaCl (1 N) solution at different pH values, varying from
pH¼4 to pH¼8, for the purpose to prepare a stressed samples
deposed, in a second time, in 0.1 N (Cu2þ,Co2þ ) and 0.01 N
(Cu2þ,Co2þ) solution to study and characterize the competi-
tive ionic exchange process. All obtained stressed samples are
hereafter referred to as SWy-Na-pH-S (i.e. SWy-Na-4-S, SWy-
Na-5-S, SWy-Na-6-S, SWy-Na-7-S and SWy-Na-8-S). On the
other hand, in order to create the thermal stress the host
materials (Na-rich montmorillonite, SWy-2) submissive ﬁve
successive cycles of heating and cooling induced by increasing
the temperature rate from 25 to 450 1C, then leaving at
ambient temperature. This stressed material was considered
like starting sample deposed in the same bi-ionic solution to
study and characterize the competitive Ionic exchange process.
The obtained sample is hereafter referred to as SWy-Na-T-S.
Fig. 1 Best agreement between experimental (nnnnnn—————) and theoretical red stars (nnnnnn) XRD patterns.
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All XRD patterns were obtained by reﬂection setting with a D8
Advance Bruker installation using CuKa radiation and equipped
with a solid-state detector. The divergence slit, the two Soller slits,
the antiscatter, and resolution slits were 0.51, 2.31, 2.31, 0.51, and
0.061, respectively. Data were recorded in the range of 31–401 2y
with a 0.021step size.2.3.1. Qualitative and quantitative XRD analysis
A qualitative XRD investigation based on the proﬁle geometry,
the full width at half maximum intensity (FWHM) value,
measured from the 001 reﬂection, and also the standard deviation
of the departure from rationality (x) of the 00 l reﬂection series
which is calculated as the standard deviation of the l d (00l)
values for all Xi measurable reﬂections over the explored 2y1
angular range, is used. The information provided by the qualita-
tive XRD study cannot provide information about the structural
characteristics along the normal to the layer plan (z) (layer
thickness types, amount and positions of interlayer H2O molecules
and cations, relative contribution of layers, succession layer law,
etc.), thus it is necessary to quantify the XRD patterns by
comparing the experimental X-ray patterns with theoretical ones
calculated from structural models. The modeling of the (00l)
reﬂection is performed using the algorithms developed by Drits
and Tchoubar [7]. The diffracted intensity was calculated accord-
ing to the matrix formalism detailed by [7].
I00ð2yÞ ¼LpSpur Re½f½W  ½I  þ 2
XM1
n
½ðMnÞ=n½Qn
( ) !with
Lp ¼C
1þ cos22y
sin2y
where C is the orientation factor of the particles, Re is the real
part of the ﬁnal matrix; Spur, the sum of the diagonal terms of the
real matrix; M, the number of layers per stack; n, an integer
varying between 1 and M1; [f], the structure factor matrix; [I],
the unit matrix; [W], the diagonal matrix of the proportions of the
different kinds of layers and [Q] the matrix representing the
interference phenomena between adjacent layers.
The relationship between the different kinds of layer
proportions and probabilities are given by Oueslati et al. [8].
During the simulation of the XRD patterns, some experi-
mental corrections must be taken into account, such as the
Lorentz-Polarisation factor and the preferred orientation
[9,10].
2.3.2. Theoretical water molecule distribution
Smectites have a best swelling properties due to layer charge,
charge location (octahedral vs. tetrahedral), the high possible layer
expandability, the high CEC value and high speciﬁc surface value,
etc. At the crystal scale, swelling propriety is controlled by the
balance between repulsive forces between neighboring 2:1 layers
and attractive forces between hydrated interlayer cations and the
negatively charged surface of their 2:1 layers [11,12]. Based on
XRD analysis, the expansion characteristics were widely studied
[13–16] revealing that the position of 00l basal reﬂections, which is
shifted from the high angular 2y range toward small ones, varied
with the interlamellar water content. smectite layer thickness
expands stepwise, with the different steps corresponding to the
R. Chalghaf et al.26insertion of 0, 1, 2, or 3 sheets of H2O molecules in the interlayer
space. Indeed, (1) the dehydrated state ‘‘0 W’’ characterized by a
d001 varying from 9.7 to 10.2 A˚ (2) the monohydrated layers
‘‘1 W’’ with d001 value between 11.6 and 12.9 A˚ for (3) the
bihydrated layers ‘‘2 W’’, d001 situated between 14.9 and 15.7 A˚
(4) the strong hydration state with three water sheet in the
interlamellar space ‘‘3 W’’ characterized by a d001 value varying
from 18 to 19 A˚. For the ‘‘0 W’’ state, the exchangeable cations
are located in the middle of the interlamellar space and sometimes
are partially engaged in the ditrigonale cavity [15]. In the case of
‘‘1 W’’ hydration state, the compensating cations and the water
sheet are positioned at the medium of the interlamellar space. For
the bihydrated layers ‘‘2 W’’, the cation is surrounded on both
sides by the water molecules. The ‘‘3 W’’ layer hydration state is
characterized by a discrete distribution of the water molecules.
Indeed, the exchangeable cation strongly hydrated, placed in the
medium of the interlamellar space and surrounded by two water
layers on both sides of the median plane of interlamellar space and
a layer located on the same plan as the cation. Several studies
demonstrate that, layers with different interlayer water conﬁgura-
tions (i.e. 0 W, 1W and 2W) usually coexist at the crystal scale of
smectite even under controlled conditions [17–23].3. Results and discussion
3.1. Study of the alkaline perturbation applied
for the SWy-Na
All XRD patterns related to the kinetics of the samples in contact
with solution at variable pH value are reported in Fig. 1.
3.1.1. Case of solution at pH¼4
The XRD patterns, produced by SWy-Na, after 24 h of immer-
sion in the NaCl (1 N) solution with pH¼4, is characterized by anTable 1 Qualitative XRD investigations: kinetics for all
studied under variable pH solution.
pH Times(h) d001 (A˚) FWHM
(12y)
x, Xi Character
4 24 14.08 1.41 0.84, 4 I
72 14.53 0.68 0.19, 3 H
144 14.46 0.61 0.35, 3 H
500 14.51 0.48 0.40, 3 H
5 24 13.30 1.295 0.81, 3 I
72 14.12 1.33 0.86, 3 I
144 14.22 0.75 0.45, 3 I
500 14.50 0.49 0.40, 3 H
6 24 14.04 1.20 0.61, 3 I
72 14.17 0.95 0.80, 3 I
144 14.37 0.66 0.15, 3 H
500 14.55 0.5 0.16, 3 H
7 24 14.25 1.1 0.56, 3 I
72 14.17 0.95 0.54, 3 I
144 14.35 0.64 0.49, 3 I
500 14.52 0.48 0.40, 3 H
8 24 14.27 1.56 0.87, 3 I
72 14.50 1.08 0.64, 4 I
144 14.53 0.66 0.23, 3 H
500 14.45 0.60 0.11, 3 Hasymmetric peak and present a 001 basal reﬂection situated at
2y¼6.261 (d001¼14.08 A˚) suggesting an interstratiﬁcation between
1 and 2W hydration state which is conﬁrmed by the high FWHM
and the x parameter values (i.e. 1.411 and 0.84 A˚) (Table 1). The
quantitative analysis showed that, the studied sample (i.e. SWy-
Na) is characterized by a heterogeneous hydrated state with a
main structure involving a major proportion of monohydrated
layers (65.70%) and 34.30% of 2W layers. The theoretical model
is obtained using the combination of three types of MLS (Mixed
Layers Structure) including different proportion of 1 and 2W
layer types (Table 2). All structural parameters used to acquire the
best agreement between experimental and calculated proﬁles
(Fig. 1) are reported in Table 2. After 72 h, the XRD pattern
presents a d001¼14.53 A˚ indicating a probable insertion of two
water sheets in the interlamellar space. The FWHM and x values
(i.e. 0.681and 0.19 A˚) shows a homogeneous hydrated state.
However, the quantitative analysis disagrees with this hypothesis
and shows that the main structure of this sample is characterized
by a heterogeneous hydration state. In fact, the use of a mixed
layer structure with 82% of 2W phase and 18% of the 1 W phase
randomly distributed (Table 2) allowed as to reproduce the
experimental data (Fig. 1). The water molecule sheet is situated
at ZH2O¼9.50 A˚ for 1W layer phase and at ZH2O¼10.50 and
14 A˚ for 2 W layer hydration state. The average number of layers
per stack is 6. The others structural parameters used in modeling
are summarized in Table 2. The d001¼14.46 A˚ basal spacing
value, for the treated sample after 144 h, is attributed to an
intermediate hydrated state 1–2W. It is characterized by the
FWHM and x parameter values respectively 0.611and 0.35 A˚,
who indicate an irrationality of the 00l reﬂection positions
(Table 1), which is conﬁrmed by the quantitative investigation.
The best agreement obtained between theoretical and experimental
proﬁles is given taking into account the presence of two types of
MLS (i.e. 1 and 2W) with various contributions of layer types
randomly distributed (Table 2). The theoretical model shows that
the proportion of 2 W layers (70.6%) increase at the expense of
1 W layer and govern the structure. After 500 h and by examining
the FWHM and x values (i.e. 0.481and 0.40 A˚) the treated sample
SWy-Na-4-S present a homogeneous hydration character
(Table 1). This preliminary deduction is rejected seen that the
theoretical model shows a quasi-homogeneous 2 W hydration
state containing 80% and 20% respectively of 2 and 1W layer
hydration state.
3.1.2. Case of solution with pH¼5
The qualitative analysis of the XRD patterns related to the sample
recorded after 24 h of immerging in the NaCl (1 N) solution with
pH¼5, showed that it is characterized by d001¼13.30 A˚ which
indicate an intermediate hydrated state between 1 and 2W with a
major proportion of monohydrated layers (Table 1). The irration-
ality for all measurable reﬂections position detected by high x
parameter values (0.80) indicates heterogeneous hydration char-
acter, which is also proved by the quantitative investigation, in fact
the proposed models present in total a major proportion of 1W
layers (70.76%), a few proportion of 2 W and even 0W with
respectively 12.83% and 16.50% abundance. The best ﬁt was
achieved using three contributions of different types of MLS
characterized by the structural parameters illustrated in Table 2.
After 72 h, the quantitative studies demonstrate that the main
structure of the studied sample is characterized by a heterogeneous
hydrated state involving 67% and 33% respectively of 1 and 2W
layer types with an average number of layers per stack equal to 8
Table 2 Optimum structural parameters used for modelling XRD proﬁles.
pH Time (h) %MLS 0 W/1 W/2 W 2 W 1 W 0 W Total 0 W/ 1 W/2 W M
L.Th nH2O ZH2O ZNa L.Th nH2O ZH2O ZNa L.Th ZNa
4 24 27 0/30/70 14.65 3.6 9.80/14 11.90 12.25 1.8 9 9.90 0/65.7/34.3 7
30 0/55/45 – –
43 0/95/05
72 100 0/18/82 14.70 4.4 10.50/14 11.50 12.55 1.9 9.50 9.90 – – 0/18/82 6
144 78 0/25/75 14.80 5 10.10/14.45 12 12.50 2.5 9.85 9.90 – – 0/29.4/70.6 10
22 0/45/55
500 80 0/20/80 14.80 5.2 10/14 11.50 12.40 2.6 9.70 8.70 – – 0/20/80 12
20 0/45/55
5 24 25 0/85/15 14.65 3.6 9.80/14 11.90 12.60 1.8 9 9.90 10.3 8.9 16.5/70.67/12.83 5
20 0/55/45
55 30/70/0
72 55 0/40/60 15 4.4 10.10/14.10 11.90 12.40 2.2 9.90 9.90 – – 0/67/33 8
45 0/100/0
144 80 0/30/70 14.70 5 10.10/14 12.20 12.50 2.5 9.90 10.20 – – 0/41/59 8
20 0/85/15
500 80 0/15/85 14.80 5 10.10/14.20 12.20 12.60 2.5 9.90 10.20 – – 0/21/79 12
20 0/45/55
6 24 60 0/40/60 14.80 5.8 10.20/14.40 11.90 12.20 2.9 9.70 9.70 – – 0/58/42 5
40 0/85/15
72 95 08/92/0 15 5.6 10/14 12.90 12.40 2.8 9.70 9.90 10.2 8.9 7.60/88.90/3.50 12
05 0/30/70
144 80 0/30/70 14.80 5.8 10.30/14.00 12.00 12.50 2.7 9.95 9.95 – – 0/37/63 10
20 0/65/35
500 100 0/20/80 14.70 5.8 10.40/13.90 12.00 12.70 2.9 9.95 9.90 – – 0/20/80 11
7 24 32 0/35/65 15 4.0 10/14.20 11.90 12.50 2 9.70 9.90 10.5 8.9 5.40/61/33.60 9
32 0/60/40
36 15/85/0
72 33.75 0/70/30 15 5.6 9.70/14 11.90 12.50 2.8 9.70 9.90 10.0 8.5 2.50/70.88/26.62 10
41.25 0/60/40
25 10/90/0
144 75 0/20/80 14.70 5.7 10.10/14 11.90 12.60 2.9 9.90 9.90 – – 0/28.75/71.25 8
25 0/55/45
500 100 0/15/85 14.80 5.7 10.10/14 11.90 12.60 2.9 9.90 9.90 – – 0/15/85 10
8 24 20.25 0/30/70 14.80 5.6 9.70/14 11.90 12.50 2.8 9.70 9.90 10.2 8.9 8.25/68.90/22.85 9
24.75 0/65/35
55 15/85/0
72 55 0/10/90 14.70 5.6 10.30/14.10 11.90 12.00 2.80 9.70 9.70 – – 0/32.50/67.50 6
45 0/60/40
144 60 0/45/55 14.65 7 9.95/14.30 11.90 12.00 3.5 9.00 9.90 – – 0/49/51 7
40 0/55/45
500 100 0/15/85 14.70 7 9.50/14 12.00 12.60 3.5 9.90 9.90 – – 0/15/85 7
Note: 0, 1 and 2 W description is attributed to the layer hydration state. Zn: Position of exchangeable cations per half unit cell calculated
along cn axis. nH2O: number of H2O molecule per half unit cell. ZH2O: position along c
n axis of H2O molecule.
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basal spacing value E14.22 A˚ ascribed to an intermediate 1–2W
hydration state. The best agreement is obtained using two types of
MLS composed of a various contributions of 1 and 2W layer
types randomly distributed (Table 2). In terms of proportion, the
main structure present 41% and 59% of respectively 1 and 2W
layers. The stressed samples (i.e. SWy-Na-pH¼5) obtained after
500 h of ‘‘inundation’’ in the same solution, presents a 001
reﬂection which corresponding to a state mainly hydrated with
two water layers 2W (Table 1). The experimental data can be
reproduced using the combination of two MLS constituted of
different contribution of 1 and 2W layers randomly distributed
(Table 2).The theoretical model present a structure including in
total a signiﬁcant proportion of 2 W layers (79%) and 21% of
1W layers. The number of layers per stack is 8 (Table 2). Theoptimum structural parameters used to ﬁt XRD proﬁle are
summarized in Table 2.
3.1.3. Case of solution with pH¼6
XRD pattern related to SWy-Na sample deposit in contact
with NaCl (1 N) solution with pH¼6 during 24 h (Fig. 1),
present a d001¼14.04 A˚ attributed probably to an intermediate
hydration state between 2 and 1 W layer phases. The FWHM
and x parameter (i.e. 1.201 and 0.61 A˚) value shows hetero-
geneous hydration state (Table 1). The quantitative analysis of
XRD patterns conﬁrms this preliminary proposal and demon-
strate that the main structure of the sample is constituted of
58% of monohydrated layers (i.e. 1 W) and 42% of the
bihydrated ones (i.e. 2 W). Experimental XRD pattern
obtained after 72 h are characterized by 001 reﬂection situated
Fig. 2 Comparison between experimental and calculated XRD patterns of SWy-T-S.
Fig. 3 Evolution of the given d001 starting from the maximum of
001 reﬂection intensity according us function of temperature
heating values.
R. Chalghaf et al.28at 2y¼6.231 (d001¼14.17 A˚). Through the examination of the
FWHM and x parameter values (i.e. 0.951 and 0.80 A˚), an
irrational reﬂection positions was observed indicating a
heterogeneous hydration state (Table 1). The XRD pattern
is ﬁtted taking into account the presence of the two types of
MLS including different relative contribution of 1 and 2 W
layer types randomly distributed (Table 2). The main structure
includes a signiﬁcant proportion of 1 W layers (88.90%) and
even a few proportions of 0 and 2 W layers respectively 7.60%
and 3.50%. After 144 h, the obtained 001 basal reﬂection is
situated at 2y¼6.141 (d001¼14.37 A˚) indicating probably a
quasihomogeneous 2 W hydration character. The low value of
x and FWHM (i.e. 0.661 and 0.15 A˚) conﬁrm the obtained
rational reﬂections series and indicates the homogeneous
hydration state character (Table 1). Quantitatively, the model
show the present two types of MLS containing two types of
layer hydration state (i.e.1 and 2 W) with different relative
contribution. The average number of layers per stacking is 10.
After 500 h, the qualitative XRD investigation of stressed
material shows a low FWHM and x value (i.e. 0.501and
0.16 A˚) which conﬁrm the obtained rational reﬂections series
and indicates, as ﬁrst deduction, a homogeneous hydration
state character (Table 1). This ﬁrst result was rejected since the
quantitative XRD analysis proves the interstratiﬁed character,
and showed that the main structure is constituted of a major
contribution of ‘‘2 W’’ layer (80%) and 20% of monohydrated
layers (i.e. 1 W). The best agreement between experimentaland calculated proﬁles showed in (Fig. 1) is obtained using the
structural parameters reported in Table 2.
3.1.4. Case of solution with pH¼7
The XRD pattern, related to SWy-2-Na-7 sample during 24 h
(Fig. 1), is characterized by an asymmetric 001 peak with d001
basal spacing values (14.25 A˚) ascribed to an intermediate
Effect of temperature and pH value on cation exchange 29‘‘1–2 W’’ hydration state. An irrationality on the reﬂection
positions is conﬁrmed by high x parameter values and indicating
heterogeneous hydration character (Table 1).Quantitatively, the
experimental data can be reproduced by supposing the coex-
istence of three MLS types including different relative proportion
of 0, 1 and 2 W layers types randomly distributed (Table 2). The
main structure present 5.40%, 61% and 33.60% respectively for
0, 1 and 2 W layer hydration state. From 72 to 144 h. The XRD
patterns present the same proﬁle characterized respectively by
d001¼14.17 A˚ and d001¼14.35 A˚, ascribed to an intermediate 1–
2 W hydration state. The investigation of the FWHM and x
parameter values shows an irrationality of the 00l reﬂection
positions and indicating heterogeneous hydration character. The
theoretical model presents a state mainly hydrated with one
water layers 1 W (70.88%), 26.62% of 2 W layers and even a few
proportion of 0 W layers (7.60%) for sample recorded after 72 h
and 71.25% of 2 W layers and 28.75% of 1 W layer type for
sample recorded after 144 h (Table 2). This result proves the
heterogeneous hydration state of the studied samples and
conﬁrms the qualitative investigation. At 550 h, the stressed
material is characterized by symmetric 00l reﬂection proﬁle with
0.481 and 0.40 A˚ respectively for FWHM and x values, indicat-
ing a homogeneous hydration character. However the best ﬁt
was achieved using a mixed layer structure with of 85% of 2 W
phase and 15% of the 1 W phase randomly distributed. All
structural parameters related to the theoretical models used to
achieve the best agreement between experimental and theoretical
XRD pattern are summarized in Table 2.Table 3 Qualitative XRD investigations for SWy-Na-T-S
along the heating process.
Temperature d001
(A˚)
FWHM
(12y)
x, Xi Character
25 12.55 0.77 0.10, 3 H
50 12.47 1.51 0.06, 3 I
60 12.43 1.31 0.03, 3 I
70 12.36 1.41 0.43, 4 I
80 12.35 1.21 0.31, 4 I
90 12.36 1.81 0.96, 4 I
100 12.37 1.23 0.67, 4 I
110 12.42 0.97 0.65, 4 I
120 12.36 0.97 0.68, 4 I
140 12.34 1.03 0.66, 4 I
160 12.32 1.09 0.67, 4 I
200 12.31 1.45 0.61, 4 I
250 12.27 2.81 0.64, 4 I
280 10.09 1.43 0.35, 4 I
300 9.86 2.74 0.59, 3 I
320 9.94 2.88 0.96, 3 I
340 9.80 0.92 0.12, 3 H
360 9.75 0.67 0.07, 3 H
380 9.74 0.64 0.07, 3 H
400 9.72 0.53 0.04, 3 H
420 9.72 0.49 0.03, 3 H
450 9.63 0.47 0.01,3 H
Note: (FWHM (12y) calculated for (00l) reﬂection, x(A˚):
calculated as the standard deviation of the l d(00l) values for
all measurable reﬂections, Xi: number of measurable reﬂections
over the explored 21–4012y angular range, Character: H (homo-
geneous), I (interstratiﬁed)).3.1.5. Case of solution with pH¼8
The qualitative investigation of the XRD pattern related to
SWy-2-Na-8 sample during 24 h (Fig. 1), showed an irration-
ality for all measurable reﬂection positions which is accom-
panied by high FWHM and x parameter values (i.e. 1.561 and
0.87 A˚) and indicating heterogeneous hydration character
(Table 1). Quantitatively, the best agreement is obtained by
introducing three types of MLS including different contribu-
tions of 0, 1 and 2 W distributed in a random way (Table 2).
In total the relative abundances of these types of layers are
respectively 8.25%, 68.90% and 22. 85%. Qualitative XRD
patterns, related to the evolution versus contact time from 72
to 550 h, shows heterogeneous hydration state characterized
by high FWHM and x parameter value (Table 2) probably
attribute to coexistence of more than one MLS. Quantita-
tively, the global structure was reproduced using respectively
(67.50%; 2 W and 32.50%; 1 W), (51%; 2 W and 49%; 0.1 W)
and (85%; 2 W and 15%; 1 W) for 72, 144 and 550 h. The
structural parameters used in modeling are regrouped in
Table 2.
3.2. Impact of thermal perturbation
3.2.1. Qualitative XRD analysis
The XRD patterns produced by SWy-Na-T-S during the heating
process, where temperature values varied from 25 to 450 1C, are
presented in Fig. 2. The evolution of the d001 basal spacing value,
for the stressed sample, as a function of temperature heating is
presented in Fig. 3, shows two major hydration ﬁelds attributed
respectively to 1 and 0W layer hydration state. The ﬁrst range of
temperature varied from 25 to 250 1C, where the d001 value is
shifted from 12.55 to 12.27 A˚ and attributed probably to the
insertion of one water sheet in the interlamellar space. The
FWHM and x parameter values increase as a function of
temperature indicating an augment in the heterogeneous hydration
state. The second hydration behavior (i.e. 2 W) is observed from
280 to 450 1C. Indeed, by increasing temperature rate, a notable
decrease in the d001 basal spacing value is detected (from 10.09 to
9.63 A˚) [15]. This shift indicates the disappearance of water
molecules and the dominance of the dehydrated layers (i.e.0 W).
The FWHM and x parameter values decrease versus temperature
rate, which can be interpreted by a homogeneous hydration
state trend.
The global qualitative description of the different experimental
XRD pattern recorded at different temperature heating can be
conﬁrmed or rejected through the quantitative XRD analysis
(Table 3).
3.2.2. Modeling of X-ray diffraction proﬁles
By modeling XRD patterns, three global domains can be
determined, based on the number and the nature of MLS used
to ﬁt experimental data (Table 4).
3.2.2.1. MLS containing 2 W/1 W phases. The experimental
XRD pattern of sample (i.e. SWy-Na-T-S) recorded at 25 1C is
ﬁtted using two MLSs types including different proportions of
mono and bihydrated layer types, (i.e.1 and 2 W) randomly
distributed. The sample was characterized by an interstratiﬁed
hydrated state and the global structure was described by a
major proportion of 1 W (85.05%) and 14.95% of 2W layer
types. The beginning 2W layers transition explains the presence of
the ‘‘shoulder’’ in the side of the small angles situated in the (001)
Table 4 Structural parameters used for the simulation of XRD proﬁle in the case of SWy-Na-T-S.
T (deg.) %MLS 0 W/1 W/2 W L.Th nH2O ZH2O L.Th nH2O ZH2O ZNa L.Th Total M
2 W 2 W 2 W 1W 1W 1W 1W 0W 0W/1 W/2 W
25 47.7 0/100/0 15 3 10.85/14 12.40 1.5 9.50 9.50 – 0/85.05/14.95 8
42.3 0/80/20
10.0 0/35/65
50 62.3 10/90/0 15 3 10.50/14.10 12.40 1.45 9.70 9.70 10.40 6.23/80.50/13.27 8
26.7 0/75/25
11.0 0/40/60
60 85.0 13/87/0 15 2.8 10.90/13.90 12.45 1.45 9.50 9.50 9.75 11.05/83.70/5.25 7
15.0 0/65/35
70 85.0 15/85/0 15 2.8 10.90/13.90 12.45 1.40 9.50 9.50 9.80 12.75/83.50/3.75 6
15.0 0/75/25
80 90.0 25/75/0 15 2.8 10.80/13.90 12.45 1.40 9.50 9.50 9.80 22.50/75/2.50 6
10.0 0/75/25
100 88.0 20/80/0 15.20 1 10.70/14.00 12.45 1.35 9.45 9.45 9.70 17.60/80/2.40 5
12.0 0/80/20
120 90.0 20/80/0 15.20 1 10.70/14.00 12.45 1.35 9.45 9.45 9.70 18/80.50/1.50 6
10.0 0/85/15
140 100 15/85/0 – – – 12.40 1.35 9.40 9.40 9.70 15/85/0 6
160 100 25/75/0 – – – 12.45 1.35 9.40 9.40 9.70 25/75/0 6
200 72.0 25/75/0 – – – 12.45 1.35 9.40 9.40 9.70 41.80/58.20/0 5
28.0 85/15/0
250 39.0 25/75/0 – – – 12.50 1.30 9.30 9.30 9.60 59.90/40.10/0 7
26.0 65/35/0
35.0 95/5/0
280 12.5 15/85/0 – – – 12.55 1.10 9.20 9.20 9.60 70/30/0 8
12.5 35/65/0
25.0 65/35/0
50.0 95/05/0
300 14.0 30/70/0 – – – 12.55 1 9.20 9.20 9.60 71.50/28.50/0 8
26.0 35/65/0
60.0 97/03/0
320 15.0 28/72/0 – – – 12.55 1 9.10 9.10 9.60 81.88/18.12/0 8
20.0 70/30/0
65.0 98/02/0
340 7.14 28/72/0 – – – 12.55 1 9.10 9.10 9.57 91.90/8.10/0 8
9.86 70/30/0
83.0 100/0/0
360 82.5 100/0/0 – – – 12.55 1 9.10 9.10 9.60 94.69/5.31/0 9
14.5 80/20/0
3.0 20/80/0
380 80.5 100/0/0 – – – 12.50 1 9.00 9.00 9.60 95.57/4.43/0 9
16.5 85/15/0
3.0 35/65/0
400 75.0 100/0/0 – – – 12.50 1 9.00 9.00 9.60 96.25/3.75/0 13
25.0 85/15/0
420 92.1 100/0/0 – – – 12.50 1 9.00 9.00 9.60 97.90/2.10/0 11
4.90 85/15/0
3.0 55/45/0
450 80.0 100/0/0 – – – 12.50 1 9.00 9.00 9.60 98/2.00/0 14
20.0 90/10/0
R. Chalghaf et al.30diffraction maximum (Fig. 2). The exchangeable cation is located
at the medium of interlamellar space at ZNa¼9.50 A˚ and
ZNa¼12.40 A˚ respectively for 1 and 2W layer. The water
molecule sheets are situated at ZH2O¼9.5 A˚ for the ﬁrst type of
layer and at 10.85//14 A˚ for 2 W layer hydration state. The
number of layers per stack is 8. The structural parameters that
made it possible to have these agreements are summarized in
Table 4.3.2.2.2. MLS containing 2 W/1 W/0 W phases. From 50 to
120 1C, the quantitative analysis shows that experimental data
can be reproduced using three MLSs types. For 50 1C, the
global structure present 13.27% of 2 W phase characterized by
15 A˚ basal spacing, a major proportion (80.50%) of the ‘‘1 W’’
phase characterized by 12.4 A˚ basal distance and a few
proportion of dehydrated layers (i.e. 0 W) 6.23%. From 60
to 120 1C the quantitative analysis showed a gradual increase
Table 5 Qualitative XRD investigations for SWy-pH-S-1N and SWy-pH-S-2N samples.
pH SWy-pH-S-1N SWy-pH-S-2N
d001
(A˚)
FWHM
(12y)
x, Xi Char d001
(A˚)
FWHM
(12y)
x, Xi Char
4 14.42 0.81 0.87, 3 I 14.94 0.66 0.63, 3 I
5 14.11 0.85 0.51, 3 I 15.05 0.71 0.55, 3 I
6 13.93 0.95 0.52, 3 I 14.69 0.97 0.62, 3 I
7 13.60 0.96 0.40, 3 H 14.75 0.95 0.86, 3 I
8 14.19 0.60 0.36, 3 H 15.18 0.89 0.68, 3 I
Table 6 Optimum structural parameters used for the simulation of XRD proﬁle of SWy-pH-S-1 N. The time solution contact for
all the pH value is 500 h.
pH %MLS 0 W/1 W/2 W L.Th nH2O ZH2O ZCo L.Th nH2O ZH2O ZCu L.Th Total M
2 W 2 W 2 W 2 W 1W 1W 1W 1W 0W 0 W/1 W/2 W
4 45.24 0/25/75 14.85 5 10.20/14.40 12.20 12.50 2.2 9.70 9.90 10.20 3.25/54.45/42.30 7
41.76 0/80/20
13 25/75/0
5 28 0/25/75 14.75 5.6 10.70/14.30 12.50 12.50 2.5 9.70 9.70 10.20 6/56.2/37.8 10
42 0/60/40
30 20/80/0
6 38 30/70/0 14.80 5.8 10.65/14.20 12.30 12.40 2.8 9.80 9.80 10.20 11.40/59.30/29.30 9
40.30 0/65/35
21.70 0/30/70
7 45.50 0/55/45 14.70 6 10.75/14.30 12.50 12.60 2 9.20 9.30 10.30 14.75/64.80/20.45 9
24.50 05/95/0
30 45/55/0
8 59.50 0/30/70 14.80 7 9.65/14.20 12.30 12.40 2.9 9.80 9.80 10.20 3.75/50.80/45.45 10
25.50 0/85/15
15 25/75/0
Effect of temperature and pH value on cation exchange 31of the 0 W layers type abundance at the expense of 2 W layers.
All layers types used to obtain the best ﬁt are randomly
distributed and all structural parameters are summarized in
Table 4.
3.2.2.3. MLS containing 1 W/0 W phases. The total disap-
pearance of the bihydrated layers (i.e. 2 W) was marked at
140 1C. It is accompanied by a more organized structure. In
fact, the best agreement obtained at 140 1C using a MLS
containing an overwhelming of 1 W layers (85%) and 15% of
0 W layer.
The gradually increasing of temperature to 200 1C seem to be
responsible of the structural heterogeneity, thus two MLS types
were used to achieve the best agreement between experimental
and calculated proﬁles (Fig. 2). The global model is described
by interstratiﬁcation of 1 W with 58.2% and 0 W with 41.8%.
At 250 1C, the XRD patterns can be reproduced using a
combination of three types of MLS. Global structure is
described by an interstratiﬁcation between two hydration
states 0 W (9.60 A˚) and 1 W (12.50 A˚) with respective propor-
tions 59.9% and 40.10% (Table 4). The continued increase of
the temperature rate to 280 1C is accompanied by a notable
increasing of the heterogeneity degree. Indeed, the pondered
mixture of four MLSs types is necessary to ﬁt the experimental
XRD pattern. A remarkable increasing of the amount of 0 W
phase was observed at this temperature rate, the full amountof layer types coexisting in structure is 70% of 0 W and 30 of
% 1 W layer types.
From 300 to 380 1C, the quantitative analysis shows a simple
growth of the homogeneity degree. The amount of 0 W phase
increase gradually versus temperature rate, it’s varies from
71.50% to 95.57% respectively from 300 to 380 1C. From
400 1C, the 1 W layer type contribution in the theoretical
proposed model decrease and a dominance of 0 W layer in the
structure was noted. At high temperature rate (450 1C), the
best agreement between theoretical and experimental proﬁles
is given using just two different types of MLSs including a
signiﬁcant proportion of 0 W layers and even a few 1 W layers.
In terms of proportion, quantitative proﬁle is constituted of
98% of 0 W and 2% of 1 W layers (Table 4). The optimum
structural parameters used to ﬁt different XRD proﬁle
recorded in this range of temperature are summarized in
Table 4. Summary, the XRD pattern modeling approach
indicates that all structural models contain more than one
layer type contribution which contradicts results obtained
from qualitative investigations.
3.3. Effect of material stresses on the selective cationic exchange
The selectivity study of the unstressed Na-rich montmorillonite
sample, in contact with solution containing (Cu2þ, Co2þ) cation,
Fig. 4 Best agreement between experimental (nnnnnn) and theore-
tical nnnn XRD pattern obtained for SWy-pH-S-1 N.
Fig. 5 Best agreement between experimental (nnnnnn) and theore-
tical nnnn XRD pattern obtained for SWy-pH-S-2 N.
R. Chalghaf et al.32was investigated using XRD proﬁle modeling approach by the
same group of authors [24–26]. They demonstrate that for high
metals concentrations (i.e. 101 N) the host material present
homogeneous 2W hydration state (i.e. 2 W: two water sheet)
characterized by d001¼15.17 A˚ basal spacing value that is
attributed to Co2þ cation and for low normality, the clay remains
homogeneous with 1W hydration state, which is probably
attributed to Naþ and/or Cu2þ cation. In this work we focus
the study of the similar problem, using stressed sample, making in
consideration the presence of an alkaline and thermal perturba-
tions caused by varying solution pH and temperature.3.3.1. Case of sample undergoing an alkaline perturbation
All structural parameters used to obtain the best agreement
between experimental and theoretical XRD pattern are registered
in Tables 5 and 6.
3.3.1.1. Selective ionic exchange process in the case of 0.1 N
(Cu2þ, Co2þ) solutions. The experimental XRD pattern of
SWy-4-S-1N (Fig. 4.) is characterized by a 001 reﬂection
situated at 2y¼6.121 (d001¼14.42 A˚) attributed probably to a
quasi-homogeneous 2 W hydration state. The FWHM and x
parameter value (i.e. 0.811 and 0.87 A˚) shows an irrationality
of the 00l reﬂection positions and indicates an interstratiﬁed
hydration state character. The experimental XRD pattern is
ﬁtted using three types of MLS including different contribu-
tions of 2, 1 and 0 W layer types. The main structure isglobally constituted of a major proportion of 1 W layers
(54.45%) related to the location of Cu2þ cation in the
interlayer space at ZCu2þ ¼9.90 A˚, 42.30% of 2 W layers
related to Co2þ cation which are situated at ZCo2þ ¼12.20 A˚
and a few proportion of dehydrated layers (3.25%). The XRD
pattern, related to SWy-5-S-1N is characterized by
d001¼14.11 A˚ indicating an interstratiﬁed 1–2 W character
with a major proportion of bihydrated layer types related to
Co2þ cation. This preliminary result is conﬁrmed by investi-
gating the FWHM and x parameter values (i.e. 0.851 and
0.51 A˚) that shows an irrationality of the 00l reﬂection
positions. The experimental XRD pattern is ﬁtted using three
different mixed layer structure (MLS). The theoretical model
includes a higher proportion of 1 W layers (56.20%) where the
exchangeable cation is located with a water molecule sheet at
the medium of interlamellar space ZCu¼ZH2O¼9.7 A˚, 37.80%
of 2 W layer types related to Co2þ cation placed at ZCo¼12.50
A˚ between two water planes situated at ZH2O¼10.70 and
14.30 A˚, and 6% of 0 W layer types. The SWy-6-S-1N
patterns present a 001 reﬂection situated at 2y¼6.331
(d001¼13.93 A˚) indicating an intermediate hydrated state
between 1 and 2 W.The calculate of the FWHM and x
parameter values (i.e. 0.951 and 0.52 A˚) verify the interstrati-
ﬁed character. The model makes it possible to describe the
XRD proﬁle is achieved using the combination of three types
Table 7 Optimum structural parameters used for the simulation of XRD proﬁle of SWy-pH-S-2 N. The time solution contact for
all the pH value is 500 h.
pH %MLS 0 W/1 W/2 W L.Th nH2O ZH2O ZCo L.Th nH2O ZH2O ZCu L.Th TOTAL M
2 W 2 W 2 W 2W 1W 1W 1W 1W 0W 0W/1 W/2 W
4 49.30 0/10/90 15.20 5.6 9.65/14.20 12.70 12.40 1 9.50 9.80 10.30 0.75/40.60/58.65 9
35.70 0/60/40
15 05/95/0
5 52.80 0/10/90 15.35 5.8 9.75/14.20 12.50 12.40 1.2 9.40 9.90 – 0/36.04/63.96 9
35.20 0/55/45
12 0/95/05
6 38.50 0/10/90 14.90 6.4 9.60/14.20 12.50 12.40 1.8 9.00 9.70 – 0/43.52/56.48 7
31.50 0/45/55
30 0/85/15
7 33.60 0/10/90 15 6.4 9.60/14.20 12.50 12.40 2 9.50 9.70 – 0/49.74/50.26 7
36.40 0/45/55
30 0/100/0
8 62 0/05/95 15.25 6.4 9.70/14.00 12.70 12.40 2.2 9.30 9.80 – 0/31.60/68.40 7
38 0/75/25
Fig. 6 Best agreement between experimental black stars (nnnnnn)
and theoretical nnn XRD pattern obtained for SWy-T-S-1 N
(a) and for SWy-T-S-2 N (b).
Effect of temperature and pH value on cation exchange 33of MLS. The overall structure involves 59.30%, 29.30% and
11.40% of 1, 2 and 0 W respectively. For the monohydrated
layers (i.e. 1 W), the Cu2þ cation is situated at ZCu¼9.80 A˚.
The water molecule sheet is situated at ZH2O¼9.80 A˚ for
1Wlayer phase and at ZH2O¼10.65 and14.20 A˚ for 2 W layer
hydration state, while the Co2þ cation is located at ZCo¼12.30 A˚.
The number of layers per stack is 9. The investigation of FWHM
and x parameter values (i.e. 0.961and 0.4 A˚) indicates homoge-
neous hydration states for SWy-7-S-1N sample. However the
quantitative analysis showed an interstratiﬁed character, indeed
the best agreement is obtained by considering the combinations of
three contributions of MLS including different proportion of de,
mono and bihydrated layers types (i.e. 0, 1 and 2W). The
theoretical models is constituted of a most important proportion
of 1 W layer (64.80%) attributed to Cu2þ cation situated at the
medium of interlamellar space (ZCu¼9.90 A˚), 20.45% of 2W
layers and 14.75% of dehydrated ones (i.e. 0 W). In the case of
SWy-8-S-1N complex, the d001 basal spacing values (14.19 A˚) is
explained probably by a major contribution of ‘‘2 W’’ layer.
Quantitative XRD analysis shows that experimental data can be
reproduced using three types of MLS involving various contribu-
tions of 0, 1 and 2W in a random way (Fig. 4). The relative
abundances of these three types of layers are respectively 3.75%,
50.80% and 45.50%. For the 1 W layers, the water molecule
layers are situated in the same position with exchangeable cation
at ZCu¼ZH2O¼9.8 A˚. For the 2 W layers, Co2þ cation is situated
at ZCo¼12.30 A˚.The number of layers per stack is 10.
3.3.1.2. Selective Ionic exchange process in the case of 0.01 N
(Cu2þ, Co2þ) solutions. The experimental XRD produced by
SWy-4-S-2N is characterized by d001 basal spacing values
(14.94 A˚) (Table 5) attributed probably to a major contribu-
tion of ‘‘2 W’’ layer related to the presence of Co2þ cation in
exchangeable site. The model allowed to acquire the best
agreement between theoretical and experimental proﬁles is
obtained by the combination of three types of MLS with
relative abundances of three the layers types (i.e. 0, 1 and 2 W)
distributed in a random way. The global structure is con-
stituted using a major proportion of 2 W layers (58.65%)
which conﬁrm the qualitative analysis, the exchangeable
cation is placed at ZCo¼12.70 A˚. The monohydrated layers(i.e. 1 W) is also present with an important proportion in
structure (40.60%) related to Cu2þ cation which is located at
ZCu¼9.80 A˚.
The SWy-5-S-2N samples present a 00l reﬂexion situated at
2y¼71, 121 (d001¼15.05 A˚) (Fig. 5) indicating probably the
dominance of the 2 W hydration phases. The examination of
FWHM and x parameter values (i.e. 0.711 and 0.55 A˚)
conﬁrms the obtained rational reﬂections series (Table 5)
and proves the interstratiﬁed character. The model makes it
possible to describe the XRD proﬁle is obtained via the
combination of three MLS with various contributions of
mono and dehydrated layers (i.e.1 and 2 W) randomly
distributed (Table 7). In terms of proportion the, the models
engage a major proportion of 2 W layers (63.96%) and
36.04% of 1 W layer types. For 2 W layers, the Co2þ cation
Table 8 Qualitative XRD investigations for SWy-T-S-1N and SWy-T-S-2N samples.
Sample d001 (A˚) FWHM (12y) x, Xi Character
SWy-T-S-1N 14.15 0.93 0.78,3 I
SWy-T-S-2N 14.19/12.38 1.78 0.38,4 I
Table 9 Optimum structural parameters obtained from XRD proﬁle modeling in the case of SWy-T-S-1N and SWy-T-S-2N samples.
Sample L.Th nH2O ZH2O ZCo L.Th nH2O ZH2O ZCo L.Th ZCo Total M
2 W 2 W 2 W 2W 1W 1W 1W 1W 0W 0W 0W/1 W/2 W
SWy-T-S-1N 14.65 7 10.9/14.00 12.70 12.20 2.5 9.50 10.00 10.20 8.20 4.80/58.50/36.70 9
SWy-T-S-2N 14.80 4 9.00/13.50 12.20 12.40 2 9.50 9.50 10.30 8.90 26.55/63.75/9.7 9
R. Chalghaf et al.34is placed at ZCo¼12.50 A˚ between two water molecule plane
situated at ZH2O¼9.75 and 14.20 A˚. For the second layer
types (i.e. 1 W) related to Cu2þcation, the exchangeable cation
is positioned at ZCu¼9.90 A˚. The number of layers per stack
is 9 (Table 7). Through the investigation of the 00l basal
spacing values for SWy-6-S-2N sample, an interstratiﬁed
1–2 W hydrated state is noted, with a major contribution of
bihydrated layers, characterized by d00l¼14.69 A˚.
The theoretical model used to ﬁt the experimental pattern is
constituted of a main structure composed by 56.48% of 2 W
layers types and 43.52% of 1 W layers. This model is achieved
using the combination of three MLS structure including
different relative contribution of 1 and 2 W randomly dis-
turbed (Table 7). The XRD pattern, related to SWy-7-S-2N is
characterized by d001¼14.75 A˚ ascribed to an interstratiﬁed
1–2 W hydration state conﬁrmed by the FWHM and x
parameter values (i.e. 0.951 and 0.86 A˚) who shows an
irrationality of the 00l reﬂection positions (Table 5). For this
sample the best agreement is obtained by considering the
presence of different contributions of three MLS including
two layer types (1 and 2 W) (Table 7). The global structure
presents 49.74% of 1 W and 50.26% of 2 W layers. For the
ﬁrst layer types (i.e.1 W) the Cu 2þ cation is located at
ZCu¼9.70 A˚ for the second layers types (i.e. 2 W) the
exchangeable cation is placed at ZCo¼12.50 A˚. The number
of layers per stack is 7 (Table 7). In the case of SWy-8-S-2N,
the qualitative investigation showed an intensiﬁed hydration
character deduced from the examination of the FWHM and x
parameter (i.e. 0.951 and0.86 A˚) who shows an irrationality of
the 00l reﬂection positions (Table 5). In terms of proportion,
quantitative proﬁle is constituted of height proportion of 2 W
layers (68.40%) and 31.60% of 1 W layers. All obtained
theoretical models are based on the structural parameters
registered in Table 7.3.3.2. Case of sample undergoing a thermal perturbation
The XRD pattern of SWy-T-S-1N complex (Fig. 6) is character-
ized by d00l¼14.15 A˚ basal spacing ascribed to interstratiﬁed
character between ‘‘1 and 2W’’ hydration state. The FWHM and
x parameter values (i.e. 0.931 and 0.78 A˚), shows an irrationality
of the 00l reﬂection positions indicating also the interstratiﬁed
character of this stressed sample (Table 8). This preliminary result
was conﬁrmed by the quantitative investigating where the modelsproposed involves three types of the hydration states (0, 1 and
2W) with 58.5% of 1W layers related to the presence of Cu2þ,
36.7% of 2W, corresponding to the presence of Co2þ in the
exchangeable site, and even a few 0W layers 4.80% where the
exchangeable site was saturated by Cu2þ cation (Table 9). The
SWy-T-S-2N complex present an asymmetric 00l reﬂection with
two basal spacing value d00l¼14.19 A˚ related to a minor
contribution of 2W layers due probably to the presence of
Co2þ cation in interlamellar space and d00l¼12.38 A˚ correspond-
ing to 1W hydration state related to the presence of Cu2þ and/or
Naþ in exchangeable sites. The irrationality of reﬂection position
is interpreted by an interstratiﬁed character. The best agreement
between experimental (Fig. 6) is obtained using a theoretical
model consisted of a major contribution of monohydrated layers
(63.75%) related to Cu2þ cation with a minority of dehydrated
layers (9.7%) related to Co2þ (Table 9). We reported in (Fig. 6)
the best agreement obtained between experimental and theoretical
XRD patterns using the structural parameters described in
Table 9.
4. Conclusion
This paper reports the characterization of the possible effects
which might result from the alteration of temperature rate and
an alkaline perturbation on the cation exchange process of a
dioctahedral smectite (Na-rich montmorillonite SWy-2). The
obtained results showed that (i) by varying solution pH, sample
present a heterogeneous hydration behavior, characterized by an
interstratiﬁcations of layer types. (ii) The alkaline perturbation
altered the ionic exchange process, in both cases of SWy-pH-S-
1N and SWy-pH-S-2N. All stressed samples are characterized by
an interstratiﬁed structure conﬁrmed by the proposed models
which proves the coexistence of three types of MLS involving
different hydration states due to the presence of more than one
exchangeable cations in the interlamellar space (Co2þ, Cu2þ and
may also Naþ). (iii) The quantitative analysis showed also that
the structure models related to SWy-pH-S-1N are characterized
by the dominance of 1 W layers types attributed to Cu2þ or Naþ
cations whereas for SWy-pH-S-2N, the exchangeable site where
in major cases saturated by Co2þ cations which is in contra-
diction with earlier studies [24] for unstressed samples.
(iv) Throughout the heating process structure models progress
with a variable reorganization which induce a heterogeneous
hydration behavior. (v) All stressed materials are characterized
Effect of temperature and pH value on cation exchange 35by an interstratiﬁed hydration state with a major proportion of
monohydrated layers (i.e. 1 W) related in major part to the Cu2þ
cations and the hydration heterogeneity, in the case of stressed
materials, can be explained probably by a mixed saturation of
the exchangeable sites by Cu2þ and Co2þ cations.
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